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Abstract 

Thin films of barium strontium titanate are currently attracting much attention because of 
their useful properties such as high dielectnc constant, low leakage current, low dielectric 
loss, tunable dielectric constant at microwave frequencies etc. In the sol gel preparation 
of these films, the formation of the crystallme perovskite phase and the properties are 
found to markedly depend on parameters such as the additives (chelating agents) and 
solvents used in the sol, the thickness of the individual coatings, the finng schedule etc. 
In particular, formation of some intermediate carbonate phase under same conditions is 
noted. In the present work, the effect of various additives (acetylacetone and DBA) and 
solvents ( 2 -methoxyethanol and ethylene glycol) on phase formation and dielectric 
properties of the film was studied. Gel powders prepared from the sol with different 
additives and solvents and heated to different temperatures were charactenzed by TGA, 
FT-IR and XRD in order to get information about the different intermediate phases 
forming during the course of heating of the BST film. It was observed using FT-IR that 
when acetylacetone is used as an additive, no intermediate carbonate (CO 3 ') phase 
forms. XRD data showed that acetylacetone reduced the crystallization temperature of 
BST. XRD is unable to detect intermediate phases. TGA analysis showed three distinct 
regions of weight loss and showed that all the organics are not completely removed in the 
course of heating. Thin films of Baog SroiTiOs were prepared by the sol-gel processes. 
The concentration of the starting sol was ~ 0.22M. The films were deposited on Pt 
substrates at 3000 rpm for 30 seconds. After each coating the film was dried in the 
furnace at 200°C for 2 minutes. Total number of coatings was 15. After the final coating 
and drying treatment, the film was annealed at 600'^ - 800°C for one hour in a furnace. 
The thickness of the films were ~l|a.m. The films were examined by XRD, optical 
microscopy and SEM. The films were crack-free and crystallized into tetragonal 
perovskite phase. SEM pictures showed that the films might be porous in nature. The 
dielectric measurements show the films have a low dielectric constant (~25) and high loss 
(at low frequencies). These can be related to the micro porosity and organic residues 
present in the film. Crystallization of BST thin films by two unconventional methods 
(microwave radiation and hydrothermal treatment) were also studied but were not 
successful. 
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Chapter 1 


Introduction 

High permittivity perovskite thin films have made an impact on the emerging area of 
information technology over the last decade. This has been felt mostly in the area of 
information storage, especially for high density Dynamic Random Access Memories 
(DRAMs). On the other hand, the drive towards miniaturization has led to the Ultra Large 
Scale Integration (ULSI) era. In the next generation of ULSI DRAMs memory cells of 
capacity up to 1 Gbit are being envisaged. The realization of 1 Gbit memory devices 
exposes many challenges. If we see the road map of DRAM technology (given in Table 
1) it can be easily visualized that this advancement is mainly achieved by 
i> reducing the thickness of the dielectric layer and 
ii> increasing the effective capacitor area of the device , 


Table 1: The road map of DRAM technology 


Memory 

capacity 

Minimum 

feature 

sizelpm) 

C/A 

(fF/pm^) 

Capacitor 
area (pm^) 

Operating 
Voltage (V) 

Year* 

16 Mbit 

0.60 

25 

1.10 

3.3 

1992 

64Mbit 

0.35 

30 

0.70 

3.3 

1995 

256 Mbit 

0.25 

55 

0.35 

2.2 

1998 

1 Gbit 

0.18 

100 

0.20 

1.6 

2001 

4Gbit 

0.15 

140 

0.10 

1.1 

2004 


* Year in which 1 million devices were/are projected to be produced. 


With the advance of technology, the capacitor dielectric thickness (tdi) for traditional 
insulators/dielectrics (Si 02 /Si 3 N 4 ) has reached their practical limit or the quantum 


1 





limitation value. To overcome this problem, the use of high dielectric constant (high-K) 
material seems to be the only solution. In recent years, thin film perovskite materials with 
high dielectric constant such as PZT, SrTiOs, and BaxSri-xTiOs (BST) have been 
investigated as dielectric materials for future DRAMs. The best-suited dielectric matenal 
would have a low leakage current and a high dielectric constant and would also be in 
paraelectric phase to avoid fatigue from ferroelectric domain switching. Thus BST is the 
most promising material for DRAM capacitors. The high charge storage density and low 
leakage current density of BST are attractive for DRAM whereas the voltage tunable 
dielectric constant with low dielectric loss is attractive for microwave dielectric 
applications'-^^ BST films also find use in phased array antennae'-^', phase shifters'"^', 
infrared detectors'^', and sensors'-*^'. In addition to the beneficial dielectric properties of 
BST solid, it is well known that appropriate Ba/Sr ratio (Ba/Sr = 0.984/0.016) shows 
interesting electro-optic effects and is useful for pyroelectric applications that operate in 
the dielectric bolometric mode BST films are also used in. In the present chapter after 
a brief introduction to the need of the hour for the use of BST in ULSI DRAMs, structure 
and properties of BST are discussed. This is followed by a description of the sol-gel 
method to prepare thin films. Available literature on sol-gel preparation and other 
methods are briefly reviewed in six sub-sections. The chapter ends with a statement of 
problem of the present research. 
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1.2 What is BST? 


Barium Titanate (BaTiOs) was the first piezoelectric ceramic material and is still widely 
used because its dielectric constant and coupling factor are substantially higher as 
compared to other materials. It is isostructural with the mineral perovskite (CaTiOs) and 
so referred to as a perovskite. Below its Curie point, the structure is slightly distorted to 
the tetragonal form with a dipole moment along c-direction. Above its Curie temperature 
(~120°C), the unit cell is cubic with large cations(Ba'^^) on the comers, smaller 
cation(Ti'^'^) at the center and six oxygen ions(0'^) at the center of faces. The Ti ion is 
surrounded by six oxygen ions in an octahedral configuration (TiOe)^^^. At T > 120°C, the 
thermal energy is sufficient to allow the Ti-ions to move randomly from one position to 
another, so there is no net fixed asymmetry. The open octahedral site allows the Ti-atom 
to develop a large dipole moment in an applied field, but there is no spontaneous 
alignment of the dipoles. In this symmetric configuration the material is paraelectric, i.e. 
there is no net dipole moment when E = 0. 




O Be 

Fig. 1.1: (a) BaTiOs structure and (b) the oxygen octahedra 
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BST: Barium Strontium Titanate (BaxSruxTiOs) is a solid solution of Banum Titanate 
(BaTiOi) and Strontium Titanate (SrTiOa). BaTiOa is a ferroelectric material with Curie 
temperature (Tc) of 120° C, while SrTiOa is a paraelectric material with no ferroelectric 
phase transition. Adjusting the ratio of Ba to Sr can suitably control the Curie 
temperature of BST. The Curie point of BaTiOs is found to decrease linearly with solid 
solution of Sr^’^in place of Ba^"^ at the rate of 3.7®C / % of mole'-^l Bulk BaxSri-xTiOa is 
ferroelectric and tetragonal at room temperature for x= 0.7 to 1.0 (Ba-content). All other 
compositions are paraelectric and cubic. The Curie temperature of bulk BST varies from 
30 to 400 K depending upon the Ba/Sr ratio. But in thin films the properties seem to 
change'-^ \ 



Figl,2 Curie temperature Vs mole fraction of barium for thin film and bulk BST*®’ 
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1.3 Why BST? 

In the first section the necessity of using BST as capacitor dielectric is explained. Here all 
the strong points of BST as the most suitable material for ULSI DRAMs are listed. 

1 . High dielectric constant (sf> 200). 

2. Low leakage current. 

3 . Low temperature coefficient of electrical properties. 

4 Small dielectnc loss. 

5. Lack of fatigue or aging problem. 

6. High compatibility with device processes. 

7. Linear relation of electnc field and polarization. 

8. Low Curie temperature (Tc). 

1.4 Material Processing of BST thin films: 

BST thin films can be deposited by a variety of techniques. The commonly used 
techniques for depositing dielectric thin films are rf- sputtering, ion beam sputtering, 
pulsed laser ablation, metallorganic chemical vapour deposition (MOCVD), 
metallorganic deposition (MOD), and sol-gel. Each technique has its merits and demerits. 
For example MOCVD can be used for large-scale production but elevated temperature is 
required for cracking the metal-organic source'-'^. Pulsed laser ablation is suitable for low 
temperature epitaxial growth but it can only process sample on a limited scale. For device 
applications, whatever be the method of production of thin films, it must be economical 
and films of good homogeneity and purity must be prepared. Sol-gel is a novel technique 
in this regard as it offers some practical advantages over the other processing methods. 
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1.5 Sol-Gel Processing: 

In sol-gel films are processed by a wet chemical method. 

Sol: Sol is a suspension of sub-micron particles in a liquid. 

Gel: Interconnected solid network with an interspersed continuous liquid phase formed 
by the aggregation or polymerization of sol particles. 

The sol-gel process offers the following advantages over the conventional methods: 

1 . Films of high purity can be obtained. 

2. Films have good compositional homogeneity. 

3. Processing is carried out at a lower temperature. 

4. Dopants can be easily introduced for desired electrical and physical 
properties. 

5. Thickness of the film can be controlled by modifying the solute concentration 
and by varying the no of coatings. 

6. It is easier and low-cost method compared to other methods like CVD, 
sputtering etc. 

However it has some disadvantages 

1 . Long processing time. 

2. Residual fine pores after drying and annealing. 

3. Large shrinkage in films during heating and annealing, which cause crack 
formation in the film. 

Two types of sol-gel processing are generally used 

(a) Colloidal Processing: Particles of size 1- 1000 nm are used. They form a gel network 
and are subsequently sintered to yield a continuous film. 
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(b) Polymeric Processing: Different metal alkoxides M(OR)x are used as precursors. In 
the sol-gel synthesis, M(OR)x is mixed with water and appropriate solvent (usually an 
alcohol). A small amount of acid or base is added to catalyze the reaction. To avoid or 
minimize the condensation, some additives like metal salts (chloride, nitrate, acetate), 
chelating agents (ethylene glycol, acetylacetone), DCCA (drying control chemical 
additives) (DEA, PVA, PVP) are used. During polymeric gel formation, hydrolysis 
and condensation reactions take place simultaneously, 
i. Hydrolysis reaction: In this an -OH group replaces the alkoxy group. 


OR 

1 


OR 

1 

1 

RO - Si - OR + H 2 O 


I 

RO - Si -- OH + ROH 


OR OR 


Condensation Mechanism: The -OH group is eliminated and M-O-M linkages 

OR 

1 

OR 

OR OR 

1 I 

1 

RO-Si--OH + 

1 

1 

HO -Si -OR 

1 '' 

1 1 

RO - Si 0 - Si - OR + H 2 O 

1 1 

1 

OR 

1 

OR 

1 1 

OR OR 


(a) 


OR 

1 

OR 

OR OR 

1 1 

1 

RO-Si--OH + 

1 

1 

RO-Si-OR 

1 

1 1 

RO Si -- 0 - Si - OR + ROH 

1 1 

1 

OR 

1 

OR 

1 1 

OR OR 


(b) 
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1.6 BST system: 

In the sol-gel processing of BST thin films precursors generally used are barium acetate 
[Ba(CH3COO)2], strontium acetate [Sr(CH3C00)2,2H20] dissolved in heated acetic acid, 
and titanium butoxide [Ti(OC4H9)4]. In case of BST, Ti-butoxide hydrolyzes and 
condenses in the solution to form a 3 -d network of (-Ti-O-Ti-)n bridges'-'°l Ba and Sr ions 
are trapped in the network to form the BST sol complex. 

1.7 Thin film formation: 

The substrate is coated with the sol, which eventually transform into a 3 -d network by the 
elimination of water or some other group like alcohol. After drying, it forms an 
amorphous coating which after annealing gives a polycrystalline thin film. 

1.8 Literature Review: 

The quality of the BST films depends upon a series of interrelated factors like sol 
concentration, thickness of the films, use of different substrates, microstructures and 
crystal structure of the film, use of different additives, effect of annealing temperature, 
annealing atmosphere, and post-annealing treatment to name a few. In the next section 
evolution of different phases, microstracture, and the effect of different parameters 
related to the processing of BST thm films is discussed based on the experimental facts 
described in different journal articles in the following sub-sections. 

1 . Sol-gel processing of BST films 

2 . FT-IR study of BST films 

3 . Ferroelectricity in BST films 
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4. Effect of additives 


5. Intermediate phase 

6. Dielectric properties 

1.8.1 Sol-gel processing of BST films: 

In soi-gel processing of BST different precursors and additives are used by 
different research groups and depending on different treatments properties of the film 
vary. In this sub-section different routes to prepare BST sol is discussed. So acetate route 
is chosen for the present study 

Tahan et al*-^^ used Ba-acetate, Sr-acetate and Ti IV isopropoxide as the precursor 
materials for the sol of BST. The acetic acid aided in the dissolution of acetates while the 
ethylene glycol stabilized the solution to precipitation. The optimum ratio of acetic acid 
and ethylene glycol was found to be 3:1 from the DTA and XRD results [fig 1.3 (a) and 
(b) and 1.4 (a) and (b)]. DTA shows that the use of Rac/Reg in 3:1 ratio lowers the 
crystallization peak to 510-580°C compared to 600-680®C for Rac/Reg= 1:0. 


TOO-’ C 
650- C 

6o:j»c 

550- C 

20 24 28 32 36 40 44 48 52 56 OO 

TWO-l'HETA (Degrees) 

Fig 13: XRD patterns of BST(x=0.8) films heated to various temperatures, made from 
solutions with an acetic acid :ethylene glycol ratio of (a ) 1:0 and (b) 3:1. 
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Fig 1.4; DTA patterns of dried BST(0.8) gels of acetic acid ;ethylene glycol ratio of (a ) 1:0 
and (b) 3:1’’'. 

Jang et al used Ba-, Sr-isopropoxides in isopropanol and Ti-isopropoxide as 
the starting precursors for the synthesis of sol. Acetyl acetone was used as a chelating 
agent. Films of thickness 250 nm were prepared on RuO2(150 
nm)/Ru(100nm)/SiO2(100run)/Si(l00) substrates. Final annealing was carried out at 
700°C for 2 h. After that a post-annealing is carried out at a temperature of 600°C for 1 h 
under O 2 or Ar atmosphere. The BST/RUO 2 interface was studied with the help of AES 
and RBS. Films annealed in O 2 atmosphere showed a lower value of leakage current than 
the film annealed under Ar-atmosphere. 

Films of Bao 4 Sro 6 Ti 03 were prepared by Lahiry et al^‘^^ by a hexanoate route. 0.4 
moles of Ba-ethyl hexanoate and 0.6 moles of Sr-ethyl hexanoate were dissolved in ethyl 
alcohol in a reflux condenser. Ti-IV-isopropoxide was added to Ba and Sr solution to 
produce a Ba-Sr-Ti complex solution. Acetyl acetone and formamide were used as 
stabilizers. Films were spin coated at 4000 rpm for 30 seconds, pyrolyzed at 350°C for 5 
min on a hot-plate and annealed at 700°C for Ihr to obtain a polycrystalline film. 
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Tian et al used Ba-acetate, Sr-acetate and tetrabutyl titanate as precursors 
Acetic acid and ethylene glycol were selected as solvents. Fprmamide was used as an 
additive in order to reduce crack formation in the films. DTA/TGA and XRD 
measurements show that the films were crystallized above 600°C and the perovskite 
phase forms at 750°C [fig. 1.5(i)]. The powder fired at 950°C for 1 hr shows tetragonal 
structure [fig. 1.5(ii)]. 



Fig. 1.5(i): TD/DTA curves of dried BaosSrozTiOj gels at 
about 70“C"^'. 



2 Tliula 


Fig. 1.5(ii): X-ray diffraction patterns of the BST 
thin films at: (a) 500®C;(b) 600®C;(c) 700®C; (d) 
730®C; (e) 750®C; and patterns of BST powder 
fired at 950®C.Intermediate phase(IP) marked 
with a hollow circle’'®'. 
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200 nm 


Fig 1.6(a): SEM micrographs of the cross section and surface of two SrTiOs thin 
films prepared from acetate precursors; (left) 22 layers, 0.1 M solution; (right) six layers, 
0.3 M solution. 

(b): SEM micrographs of the cross section and surface of two SrTiOs thin films 
prepared from propionate precursors; (left) 22 layers, 0.1 M solution; (right) six layers, 0.3 
M solution'’'*'. 


Hoffinann et al ^ in order to differentiate between the influence of the precursor 
chemistry and the processing conditions on the film formation process, applied different 
carboxylate routes, varied the concentration of the CSD solutions in the range of 0.1 to 
0.3 M, and performed different pyrolysis and annealing temperatures between 250°C and 
800°C. The carboxylates having different length of the alkyl chain, i.e. acetates, 
propionates and 2-ethyl hexanoates dissolved in the corresponding caboxylic acid, and 
diluted with the parent alcohol ( 2-methoxyethanol in case of acetate solution, 1 -butanol 
in case of propionate solution, and hexanol for 2-ethyl hexanoate solution) were mixed 
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with the Ti-element (Ti-tetra-n-butoxide). Acetyl acetone was used as a stabilizer. In case 
of short chain precursors i.e. acetates for a single step heating procedure i.e. 
crystallization of every deposited layer and a lower solution concentration (0.1 M) 
resulted into the formation of columnar grains [Fig. 1.6]. All other combinations of the 
precursor, heat treatment and solution concentration led to polycrystalline film with 
grainy morphology. The evolution of columnar grains in case of acetate based solutions 
can be attributed to the formation of an intermediate phase that in turn provides the sites 
for heterogeneous nucleation. 

1.8.2 FT-IR study of BST films: 

Homg et al^'^^ made films of BST (Ba/Sr composition 0.7/0.3), deposited on Pt 
(200nm)/Ti (20nm)/SiO2 (250nm)/Si by spin on sol-gel process. The films were 
implanted with Ar'^, hf, F'^ions with different doses. The samples were subjected to rapid 
thermal processing (RTP) in a purified O 2 atmosphere at 650 ± 50 ° C for 3 minutes. For 
Ar^ and hT samples no drastic change in leakage current characteristics is observed but in 
case of F"^ implanted samples leakage current is reduced by about 1 order of magnitude. 
To study F implantation effect the samples with and without implanted ions were 
measured by FTIR [fig. 1.7] It is seen that the width of Ba(Sr)-Ti-0 absorption peak at 
816 cm'' decreases and its magnitude increases with the increasing dose. On the other 
hand the -OH region (3600-3000 cm'') clearly exists in the non-implanted sample. As the 
ion dose increases the -OH region decreased first (5X10''* cm'^) and then increased 
(IxlO'^cm'^). Ion implantation induces rearrangement and residual evaporation at the 
same time thus the process tends to increase the density of the material. As the density of 
the material increases with implantation, the average bond energy of the sample is also 
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increasing which explains the changes observed in the Ba(Sr)-Ti'-0 peak. On the other 
hand many more oxygen vacancies exist in non-implanted BST films as compared to 
implanted one and they absorb a greater amount of moisture. This moisture absorption 
may provide the current leakage paths and may be the main reason for the reduced 
dielectric constant. As the ion-dose increases (5x10’"^ cm'^) the ions substitute the O 
vacancies thereby reducing the -OH peak in the FTIR spectra. But for still larger ion 
doses (IxlO'^ cm'^) excess F”^ ions may form bonds with Sr and Ba and produce Sr-F or 
Ba-F compounds. Once Sr-F and Ba-F is formed, they readily absorb moisture from air 
resulting in the increase of the -OH signal. 



V#WENm«e?|<yn'’) 



Fig 1.7: FT-IR spectra for non-implanted and implanted BST samples 




BaosSrosTiOa (BST) thin films were grown on Si by an ultraviolet-assisted pulsed 
laser deposition (UVPLD) technique by Craciun et al FTIR was used to examine the 
presence of any additional phase with. Ba-atoms in a different chemical state FTIR 
spectroscopy investigations were performed in the transmission mode. No bands due to 
carbonate (COa^') groups around 1450cm'* were observed. Ti-0 bonds were observed 
around 600 cm'* and Si-0 bond around 1100 cm'*. 



DCf 

Fig 1.8: FTIR transmittance spectrum of a BST film grown by PLD at 450 °C. 

Bao.7Sro3Ti03 (BST) thin films doped with La, Nb, Mg ions were prepared by Chen 
et al ^*’^ through metal-organic deposition (MOD) method on Pt/Ti/Si02/Si substrates. 
Examination of ceramic powders by FTIR revealed the existence of carbonate 
ions[fig.l.8]. The absorbance peaks at wave no. 1451, 1050; and 857 cm'* belong to 
C03^', while those at 1090 and 880 cm'* are caused by the vibration of C-0 and C-C 
bonds. An intermediate oxycarbonate phase with chemical formula (Ba,Sr)2Ti205C03 
was investigated by this study. 
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Fig. 1.9: FT-BR. for BST powders after calcinations at (a) 500°C/h, (b) 525“C/0.5 h, 

(c) 525®C/h, and (d) 550®C/0.5 

1.8.3 Ferroelectricity in BST Bltns: 

Bao 8 Sro 2 Ti 03 thin films were prepared by Cheng et al with different 
individual layer thickness i.e. 60, 20, 8 nm for concentration of the spin on solution of 
0.4M, O.IM, and 0.05M respectively on Pt/Ti/Si02/Si substrates. Films were pyrolyzed 
at 350°C for 5 minutes after each coating and annealed at 750°C for 10 minutes for 
crystallization. The films prepared with an individual thickness of 60 nm showed small 
equiaxed grains, cubic structure, temperature dependent dielectric constant, and no 
ferroelectricity. The films prepared with an individual layer thickness of 8 nm showed 
columnar grains, tetragonal structure, good ferroelectricity and two dielectnc peaks in the 
dielectric constant Vs temperature curve [Fig.1.10, 1.11,1.12 and 1.13]. From the surface 
and cross sectional FE-SEM micrographs it is concluded that the mechanism of growth 
within the grain is layer by layer homoepitaxy. 
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Fig. 1.11; Cross-sectional FE-SEM micrographs of sol- gel-derived Ba0.8Sr0.2TiO3 thin 
films from (a) QAM, (b) O.lAf, and (c) 0.05M precursor solutions’*®’. 



20 2S 30 35 40 45 50 SS GO 

26 (Deg.) 


Fig. 1.12: XRD patterns of sol- gel-derived Bao. 8 Sro. 2 Ti 03 -thin films from QAM, O.IM, and 
O.OSAf precursor solutions. Inset is {200} reflections for the films’**’. 
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Fig. 1.13(a): P-E hysteresis loops of sol- gel-derived 
Ba0.8Sr0.2TiO3 thin films from 0.4M, O.IM, and 
0.05M precursor solutions***'. 



TempeFature fC) 


Fig. 1.13(b): Temperature dependence of dielectric 
constant for sol— gelderived Ba0.8Sr0.2TiO3 thin films 
from 0.4M, O.IM, and 0.05M precursor solutions*'*’. 


1.8.4 Effect of additives: 

One of the most important factors determining the properties of thin films made by the 
sol-gel route is the precursor chemistry. Additives used in the sol can control the 
properties of the films. Here the effects of two different additives are discussed. 

Ding et al studied the effect of acetylacetone (HAcAc) as an additive for 
Bao 7 Sro sTiOs system. Films were given an intermediate heat treatment at 400°C for 20 
minutes. Finally annealed at 750°C for 1.5 hours. In the DSC (differential scanning 
calorimety) of the powders showed two exothermic peaks at 648°C and 681°C for sol 
without additive; one exothermic peak at 577°C for freshly prepared HAcAc modified sol 
and all the three peaks in the aged HAcAc modified sol. Conclusion is that, in the freshly 
prepared sol without HacAc, intermediate phases, probably (Ba,Sr)C 03 form and then 
BST forms, while in the freshly prepared sol with HAcAc the formation of BST takes 
place directly. In the unmodified sol the hydrolysis and condensation of the butoxide 
takes place rapidly and the Ba & Sr are excluded. In the HAcAc modified sol the 
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hydrolysis and condensation are slowed and the Ba and Sr are uniformly distributed in 
the gel. This results in the intermediate phase formation in the sol without HAcAc. Use 
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Fig. 1.14 (a): The DSC curves of different solsJ 
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Fig. 1.14 (b): XRD patterns of powder prepared 
from (a ) original sol, 650®C=0.5 h; (b) fresh 
HAcAc modified sol, 580^C=0.5 h; and (c) aged 
HAcAc-modified sol, 650°C=0.5 h. 


of HAcAc also lowers the crystallization temperature[fig. 1.1 4 (a) and (b)]. 


Tahan et al prepared 0.75M sol by dissolving Ba, Sr acetates in glacial acetic 
acid. Ti-butoxide and ethylene glycol are added in acetic acid with acetic acid : ethylene 
glycol = 0:1, 1:1, 3:1, and 1:0. The solution is heated to promote condensation reaction 
between acetic acid and ethylene glycol 

OH-CH2 -CH2-OH + CH3-COOH ^ OH-CH2-CH2 -O-CO-CH3 + H2O 

Films of composition Bao 8 Sro 2 Ti 03 were spun at 7500 rpm for 90 seconds on Si(lOO) 
and Pt/Ti/Si02/Si, treated at intermediate temperature 250°C, ahd annealed in air between 
500-700°C. The process was repeated to get films of 400-nm thickness. It was found that 
without ethylene glycol, the sol precipitated after several hours. For acetic acid; ethylene 
glycol ratio 1 : 1 the sol was stable but the film obtained was non-uniform as observed by 
color variation. Optimum acetic acid to ethylene glycol ratio was found to be 3:1. The 
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crystallization temperature of the film was lowered to 600°C to about 500°C when 
ethylene glycol was used fig. 1.3 and 1.4. 

1.8.5 Intermediate phases: 

A key issue of the sol-gel process is the chemistry of the precursor solution, which 
governs the quality of the films. It is believed that the films crystallize by the 
decomposition of one or several intermediate phase(s). Differential Thermal Analysis 
(DTA), Thermogravimetnc analysis (TGA) and X-ray Diffraction (XRD) studies are the 
main characterization techniques which give clues about the crystallization and phase 
formation in BST films. Based on these studies and others like FT-IR, XPS, Raman 
spectroscopy and electron diffraction patterns the crystallization path and formation of 
intermediate phases dunng crystallization of BST films are investigated. 

A number of intermediate phases for the BST system have been proposed for different 
processing route including the sol-gel. 

BST sol doped with La, Mg, Nb is prepared with different molar concentrations 
by Chen et al^'^^. They used a metal-organic deposition (MOD) method with Ba-acetate, 
Sr-acetate, Ti-butoxide, La-acetate, Nb-ethoxide, and Mg-methoxide as precursors. The 
glacial acetic acid and 2-methoxyethanol are used as solvents. The sol was deposited on 
platinized Si by two-step spin coating (1000 rpm, 10s and bOOOrpm, 30s). The wet 
coatings were pyrolyzed at 550-800°C for 10 min. The presence of an intermediate phase 
(Ba,Sr) 2 Ti 205 C 03 was mvestigated for both thin film and' powder. The phase 
development was investigated using X-ray diffraction analysis. Surface morphology and 
thickness of the films were investigated by FESEM. Grain size was determined by TEM. 
SADP(selected area diffraction pattern) is used to identify the crystalline phase. Further 
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examination of the intermediate phase is done by FT-IR and Raman spectroscopy. In pure 
BST thin films XRD results show the presence of (Ba,Sr) 2 Ti 205 C 03 that started forming 
at 600°C and disappeared at 650°C. BST crystalline phase forms at 650°C. In case of 
doped films it is seen that the addition of dopants extends the stability temperature 
domain of (Ba,Sr) 2 Ti 205 C 03 phase and suppresses the formation of BST crystalline 
phase till 700°C[fig. 1.15(a) and (b)]. In case of ceramic powder samples the intermediate 
phases identified as BaC 03 (major) and (Ba,Sr) 2 Ti 205 C 03 (minor)[Fig. 1.1 6(a)]. It was 
inferred that the titanium ions seem more likely stay with Ba-ions in case of the thin film 
and forms the (Ba,Sr) 2 Ti 205 C 03 phase which is directly observed by SADP at 20 = 
26. 8[Fig.l. 16(b)]. This intermediate phase is 

believed to be favoured by three factors: i> distortion of perovskite structure, ii> physical 
constraint in two dimensions, iii> effect of small grain. 
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Fig. 1.15(a): XRD diffraction patterns for Fig 1.15(b): XRD diffraction patterns for 

BST film annealed at 550-800 °C for 1 h>”'. 15 % La-doped BST films annealed at 

various temneratures for 1 
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Fig.l. 16(a): XRD diffraction patterns for BST powders 
after calcinations at different temperatures, (a) 500 ^C, 
(b) 525 ®C, (c) 550 ®C, (d) 575 ®C, (e) 600 ®C, (f) 700 ®C, 
and (g) 800 ®C.*^’'^^ 


Fig. 1.16(b): TEM image and SADP 
for the intermediate phase of BST 
films.The ring distance is 
correspondent to the 20 = 26.8. 


Ding et have studied the effect of acetyl acetone (HAcAc) on the phase 
evolution and microstructure of BST thin films by investigating the properties of sol 
without acetyl acetone, freshly prepared sol with HAcAc and aged sol with HAcAc. DSC 
of pyrolyzed powders(at 400°C for 20 min) shows two exothermic peaks at 648°C and 
681°C for sol without Hacac; one exothermic peak at 577°C for freshly prepared HAcAc 
modified sol and all the three peaks in the aged HAcAac modified sol [Fig. 1.1 4(a)]. XRD 
results show (Ba,Sr)C03 and mtile peaks at 24.68°, 25.26°, and 36.78° for tmmodified 
sol. Film was annealed at 650°C for 30 min.For freshly prepared sol with HAcAc a single 
phase at 24.3° belonging to the intermediate phase was fovmd when annealed at 580°C for 
30 min. Aged sol XRD pattern looks like the unmodified sol pattern with an extra peak at 
28.88° [Fig. 1.1 4(b)]. BS-SEM shows that films are much homogeneous in case of HAcAc 
modified sol. It was concluded that the use of HAcAc changed the crystallization path 
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from solid diffusion reaction of multi-intermediates to decomposition of a mono 
intermediate and it was proposed that the single intermediate phase might be an 
oxycarbonate phase. It was suggested that HAcAc suppresses the condensation growth of 
Ti-alkoxides and avoids segregation of the Ti from Ba and Sr in the precursor. 

Liedtke et al'^'^^ have used a chemical solution deposition (CSD) method in order 
to deposit the Bao vSro sTiOs thin films on platinized Si (Pt/Ti 0 x/Si 02 /Si) and study their 
structural and dielectric properties. They have compared the properties of a CSD derived 
film and a recrystallized film derived from the CSD film amorphized by oxygen ion- 
implantation. The starting materials were barium propionate [Ba(CH 3 CH 2 COO) 2 ], 
strontium propionate [Sr(CH 3 CH 2 COO) 2 ], and titanium tetra-n-butoxide(TBT) 
[Ti(C 4 H 90 ) 4 ]. Propionic acid [CH 3 CH 2 COOH] and 1 -butanol [CH 3 (CH 2 ) 30 H] were used 
as solvents. TBT was stabilized by acetyl acetone (HAcAc) in molar ratio of 1:2. Sol 
concentration was l.OM. Films were spun at 4000rpm for 30 seconds. The films were 
pyrolyzed at 200°C in air and subsequently annealed in a rapid Thermal Annealing 
System (RTA) for 3min in 1 bar oxygen atmosphere. A film thickness of 130 nm is 
achieved after 16 coatings. From the XRD data it is seen that for low temperatures 
(430°C to 650°C) no BST peaks appeared, only the wafer peaks were present. A broad 
peak was observed at around 20 = 27° which is attributed to an intermediate 
oxycarbonate phase. The peaks of this intermediate phase at 20 values of 27° and 35° 
sharpen up to a temperature of 650 °C but disappear at 700°C and are replaced by the 
peaks of the perovskite phase. The composition of the phase is assigned as Ba 2 Ti 205 C 03 . 
In case of recrystallized thin films clear diffraction peaks of the perovskite phase start 
appearing from 600°C. The broad peak at 20 = 27° reaches its intensity maximum at 
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550°C [Fig. 1.17], The crystallization temperature can be further reduced to 550°C by post 
armeahng for 2h. The CSD derived films show a columnar microstructure and better 
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Fig. 1.17: XRD pattern of BST thin films 
prepared at different temperatures 0^ 



Fig.1.18: SEM micrographs of BST thin films: 

(a) BST thin film prepared by CSD at T =700°C, 

(b) recrystallized thin film from the amorphous 
phase at T =750°C. 


electrical properties than the recrystallized films, which exhibit a small grained 


microstructure [Fig. 1.18]. 


Hoffmann et al^'^^ prepared (Ba,Sr)Ti03 from different alkaline earth 
carboxylates/titanium alkoxide precursor solutions on Pt coated silicon substrates. In this 
work different carboxylates with different length of the alkyl chain i.e., acetates, 
propionates and 2-ethyl hexanoates with concentrations 0.3 to O.IM were studied. Acetyl 
acetone was used as a stabilizer. In case of acetate based process for both BaTiOs and 
SrTiOs films the presence of an intermediate phase (stable in the temperature range 
between 550°C and 650°C) was observed [Fig. 1.1 9]. The intermediate phase is attnbuted 
as an oxycarbonate phase. With decreasing sol concentration a columnar microstructure 
is developed with a decrease in porosity. Based on the above study a mechanism of 
crystallization process in BST films are proposed. According to them, the oxycarbonate 
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grams can act as nucleation seeds for the BST-perovskite grains, which results in a 
competition of heterogeneous nucleation events at the seed grains or at the substrate 


Sr - Propionate 



Sr - Acetate 
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Fig. 1.19: XRD diagrams showing the phase evolution in SrTiOj thin films 
prepared from Sr-propionate and Sr-acetate based pre-cursor solutions. 
ST: SrTiOs, IP: intermediate Sr-Ti-oxo-carbonate phase (Sr 2 Ti 205 C 03 ); 
w: substrate. 


interface. Thus, kinetic aspects that are based on the nucleation and growth rates of the 
two different event controls the film formation process in the BST system. 

Tcheliebou et al'-^°^ have found an intermediate Ba rich pyrochlore phase 
(Ba,Sr)2Ti04 for laser ablated Bao 5Sro.5Ti03 films on(l 102)-oriented sapphire 
substrate[Fig. 1.20(i)]. In case of lead zirconate titanate (PZT) films this intermediate 
phase was reported. Yamamichi et al*^^'^ studied Bao sSro.sTiOs films prepared by ion- 
beam sputtering. The film with a (Ba+Sr)/Ti ratio of 1.41 showed peaks near 28°besides 
the perovskite peaks [Fig.l.20(ii)] This second phase is considered to be a (Ba,Sr)2Ti04 
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phase. Noh et have found a nanocrystalline intermediate phase by a real time 
synchrotron X-ray scattenng study in BST films grown on MgO (001) crystals by rf 
sputtering. A broad hump appeared around 3.07A'^ close to the substrate peak [Fig. 1.21] 
This metastable intermediate phase that was nucleated around 500-600°C at the interface 
was believed to play a cmcial role in the crystallization process. The nature of the 
intermediate phase is not fully understood. 



1.20 (i): XRD patterns of the BST films 
grown onto the 1 1 ~ 02 oriented sapphire 
substrates using different laser 
wavelengths: (a) 532, (b) 355, and (c) 248'^°^ 


loa 1 I'D rs auii 



1.20(ii): XRB patterns of the films with 
(Ba+Sr)/Ti ratios of 0.75, 0.87, 0.99, 1.05, 
1.20, and 1.41 



Fig. 1.21: The x-ray powder diffraction profiles of (a) 550 A thick BST film and (b) a 
5500 A thick BST film measured during real time annealing .The inset of (a) represents 
the diffraction nrofilc of thp •»<■<» r»v>ooo T'ilZ'T 





Cho et using x-ray photoelectron spectroscopy concluded that the 

intermediate phase forming in BST films is not a barium titanium oxycarbonate but 
hexagonal BaTiOs stabilizes with Ti^"^ ions. 

On the other hand Majumdar et al*-'*^ in their study of sol-gel grain oriented thin 
films of BST on LaAlOsClOO) substrate could not find any intermediate phases[Fig. 1.22] 
The thin film unlike the powdered sample crystallizes into the perovskite phase without 
the formation of any intermediate compounds. 
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Fig. 1.22: X-ray diffractograms of BST (60/40) films annealed at (i) 600, (ii)900, (iii) 
1000. and fivl 1100 “C for 2 h in air. 


1.8.6 Dielectric properties of the films: 

The study of BST as a dielectric is important from both fundamental and practical point 
of view. Due to its unique combination of high dielectric constant and low loss BST 
found use in some interesting device applications in the ULSI era. In this sub section 
different values of dielectric constant and loss reported in the journal articles and the 
factors affecting them are discussed. 
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Tahan et al^^^ did a detailed study of sol-gel BST (0.8,0.2) thm film made with an 
optimum ratio of acetic acid and ethylene glycol as 3:1. They have studied the effect of 
Ba/Sr ratio, annealing temperature and annealing atmosphere- on the dielectric constant 
and dielectric loss of the films. Dielectric constant and loss are measured for three 
different annealing temperatures 500, 600 and 700°C at 1 kHz [Fig. 1.23]. It was seen 
that the dielectric constant increased significantly with annealing temperature while the 
dissipation factor increased only slightly from 0.025 to 0.04 over the temperature range. 
The grain size of the films ranged from 20-50 nm, depending on the annealing 
temperature. An oxygen-annealing atmosphere hindered the grain growth of the BST 
films, resulting in a decrease in the dielectric constant of the films when compared to 
those annealed in air. These results were explained by the increase in grain size with 
annealing temperature. 
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Fig. 1.23: Dielectric constant and dissipation factor versus annealing temperature 
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Dielectnc constant has a strong dependence on the grain size in case of BST thin 
films. Horikawa et al ^ ^ studied the effect of grain size on the dielectric properties of 
(Bao esSro 35 )Ti 03 films grown by RF sputtering deposited at substrate temperatures of 
500-700°C. The correlation between the dielectric constant and broadness of XRD peak 
is investigated. According to their result, the polycrystalhne film with gram size of 45nm 
had a dielectric constant smaller than 200, while the film with grain size of 220nm 



Fig. 1.24: The dependence of the dielectric constant on the grain size from XRD for the 
Bao. 6 sSro. 35 Ti 03 films deposited at the different substrate temperatures of 500-700 ®C. 

showed a dielectric constant larger than 700 [Fig. 1.24]. 

The similar grain size effect on dielectric constant is seen in case of doped BST 
thin films'-^^l 

Ichinose et al^^^^ studied the effect of rapid thermal annealing on the electrical 
properties of (Bao 5 Sro, 5 )Ti 03 thin films grown by rf magnetron sputtering. The dielctric 
constant was improved by RTA and a maximum value (~100) was obtained at 700°C[Fig. 
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1.25]. The effective value of dielectric constant is estimated using a two-capacitor model 
made of the film and the interlayer between the BST film and Si substrate. 
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Fig. 1.25: RTA temperature dependence of dielectric constant 


Jang et al^^^^ studied the electrical properties of a boron doped (Bao. 5 Sro. 5 )Ti 03 thin 
films by a sol-gel method using an isopropoxide route. The variation of dielectric 
constant and dielectric loss with firequency and boron addition is shown in fig. . It is seen 
that the relative dielectric permittivity of the 250 nm thick BST film fired at 700 C 
decreased with increasing boron content, firom 420 for the undoped film to 190 for the 10 
mol% boron-added film at 1 MHz [Fig. 1.26]. This observation was interpreted in terms 
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of a serial capacitance composed of the perovskite BST grain and the interfacial B2O3 
glassy phase having a low dielectric permittivity. 



Fig. 1.26: Relative dielectric permittivity and the dielectric loss of BST thin films 
plotted as a function of the applied AC frequency. The thin Rims with a thickness of 
250 nm were fired at 700“C for 2 h. 

1.9 Statement of the problem: 

As discussed in the previous sections, thin films of BST are the potential candidates for 
device applications in the ULSI era. The quality of the films depend upon a series of 
interrelated factors like processing methods, film composition, crystalline structure, 
microstructure, surface morphology, film thickness, and electrode materials to name a 
few. In sol-gel processing, the chemistry of the precursor solutions plays an important 
role in determining the quality of the films. In the present work, the effect of different 
additives (acetyl acetone and DBA) on the evolution of phases especially in the formation 
of the intermediate phase(s) is proposed to be studied. The effect of additives on the 
microstructure and other dielectric and electrical properties are also to be investigated 
with a view to understand the underlying mechanisms. 




Chapter 2 


Experimental Procedure 

In the present work thin films of barium strontium titanate (BST) of composition 
Bao 8 Sro 2 Ti 03 are prepared using a sol-gel method. First the details of the film 
preparation which includes preparation of the precursor sol, substrate preparation, film 
deposition, and heat treatment of the film are discussed. Then the characterization 
procedures used dunng the course of work including optical microscopy, scanning 
electron microscopy (SEM), thickness measurement, x-ray diffraction (XRD), and fourier 
transfonn infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA) are 
described. Finally the dielectric measurements of the films using impedance 
spectroscopic techniques are described. For BST films various substrates are tried and the 
effects arc reported in various papers and journal articles. They are noble metals (like Pt, 
Ir, and Ru), conducting oxides such as Ru02, IrOa, BaRuOs, YBaaCusOy, SrRuOs etc and 
silicon. Pt appears to be the material of choice for use as electrodes for BST capacitors 
due to its excellent electrical properties. In our laboratory we have used Si(lOO) n-type 
and p-type wafers, platinum, and glass substrates. 

2.1 Sample Preparation: 

Thin films and gel powders are made firom BST sol of desired composition and 
concentration for different characterization studies. First the BST sol is prepared and used 
to coat different substrates. Si substrates were coated with Pt by sputtering prior to the 
film deposition. Pt coating on the substrate acts as the bottom electrode for the BST 
capacitor. After drying and gelling an amorphous film is formed. The film is then given 
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the proper heat treatment (annealing) in order to crystallize it. After that, the top 
electrodes of size 0.5 mm are deposited using a mask over this polycrystalline film. In 
this way a metal-insulator-metal (MIM) capacitor is made for the electrical 
characterization of the film. For the study of phase formation in BST, gel powders are 
made from the sol by keeping the sol in an oven at 120°C for 12 hrs and then grinding it 
in an agate mortar. For the study crystallization by microwave, films were prepared on 
the glass substrate and films prepared on the uncoated Si (100) substrate was used for the 
studies on the crystallization of the film by hydrothermal method. 

2.1.1 Sol Preparation: 

2.1. 1.1 Precursors: As mentioned earlier, a sol-gel method is used to prepare thin films 
of BST. The chemicals used for the preparation of BST sol is given in the Table 2.1. 


Table 2.1: Chemicals used for the preparation of BST sol: 


Sena! 

number 

Name of the compound 

Molecular 

weight 

Density 

(gm/cc) 

Assay 

Source 

1. 

Barium acetate 

255.42 

2.190 

100% 

Thomas Baker 

2. 

Strontium acetate 

214.72 

— 

98.07% 

Rolex Chem. 

3. 

Titanium butoxide 

340.35 

0.995 

95.7% 

Alfa Product 

4. 1 

I 

Acetic acid (glacial) 

60.04 

1.049 

99.8% 

Thomas Baker 

5. 

2-Methoxyethanol 1 

76.1 

0.963 

99.0% ^ 

S-d Fine Chem. 

6. 

Ethylene glycol 

62.07 

1.112 

- — 

Nice Chem. 

7. 

Diethanolamine(DEA) 

105.14 

1.100 

98% 

S-d Fine Chem. 

8. 

Acetyl acetone 

100.12 

0.973 

99.5% 

S-d Fine Chem. 


Six different sols of composition Bao 8 Sro 2 Ti 03 with and without different 
additives (acetyl acetone and DEA) and with the combination of different solvents (2- 
methoxyethanol and ethylene glycol) have been prepared. The concentration of the sol 


was kept around 0.20-0.25M. 
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2.1. 1.2 Calculations: 


To prepare a sol containing O.Olmoles of BaosSro 2 X 103 : 

Ba-acetate required = 0.01x0.8x255.42 = 2.04336 gms/lit 

Sr-acetate required = 0.01x0.2x214.72x100/98.07 = 0.43789 gms/lit 

Ti-butoxide required = 0.01x1x340.35x100/95.7 = 3.55642 gms/lit 

Density of Ti-butoxide = 0.995 

Therefore, the volume of Ti-butoxide = 3.57429 ml/lit 

Ratio of Ti-butoxide to additive is 1:2 (by mole) 

Amount _of _ additive 
Molecular _ weight _of _ additive _ 2 
Amount _of _butoxide \ 

Molecular _ weight _of _ butoxide 

We have used two different additives: acetyl acetone and DBA. 

Amount of acetyl acetone = 2x3.55642x100.12/340.35 = 2.10 ml 
Amount of DBA = 2x3.55642x105.14/340.35 = 2.20 ml 

Total volume of the sol is made up either by the addition of acetic acid and 2 - methoxy 
ethanol or by the addition of acetic acid and ethylene glycol in 3:1 ratio. 

Concentration of the sol = O.OlxlOOO/Total volume of the sol (M) 

Glassware used like pipettes, beakers, measuring cylinders, teflon coated magnetic beads 
are thorou^ly cleaned with dilute nitric acid, then with a soap solution and finally with 
distilled water. For faster drying a quick rinsing of the glassware and bead with acetone is 
done before keeping in oven at 50°C for drying. 
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For the preparation of BST sol, Ba-acetate is taken as the Ba source, Sr-acetate as 
the Sr-source and Ti-butoxide as the Ti source. Acetyl acetone is used as the chelating 
agent. Acetic acid and 2-methoxyethanol are used as the solvent. 

At first 2.0434 gms of Ba-acetate and 0.4379 gms of Sr-acetate are weighed and taken in 
a three necked flask containing a magnetic bead. Then 20 ml of acetic acid is added to it 
and the flask, fitted with one condenser system, is heated in an oil bath with constant 
stirring for 1 hr. The temperature of the oil bath is kept at 100°C. After 1 hr of stirring 8 
ml of 2-methoxyethanol is added and the solution is kept on stirring for another hr. Then 
10 ml of acetic acid is again added to the solution and the temperature of the bath was 
lowered to 80^C. Meanwhile in another 10 ml beaker inside the glove box (with the 
relative humidity level of 30%) 3.6 ml of Ti-butoxide is pipetted out from a measuring 
cylinder containing « 4 ml of butoxide. The pipette is then washed with about 2 ml of 2- 
methoxyethanol and 2.10 ml of acetyl acetone is added to the beaker. The beaker is 
covered with an aluminum foil to avoid moisture absorption from the atmosphere. The 
mixture is then kept for stirring for 30 minutes inside the glove box. The butoxide 
solution is then taken out of the glove box, added to the Ba + Sr mixture and stirred for 
another 30 minutes at 80°C in the oil bath. In this way a clear yellow in coloured BST sol 
is obtained. The sols where acetylacetone is not used are colourless. 

Precautions to be taken in sol-preparation: 

1. In order to obtain a sol with long shelf life, the glassware should be 
thoroughly cleaned and the Ba and Sr acetates should be completely dissolved 
in acetic acid before addition of Ti-butoxide in it. In order to dissolve acetates. 
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first the temperature of the oil-bath is increased to 1 lO^C. After dissolution of 
the salts the temperature of the bath was reduced to 100°C. 

2. Ti-butoxide is stirred inside the glove box at a relative humidity level < 30%. 
This level is obtained by placing dried (at 120°C for 10 hrs) silica gel inside 
the glove box for 3-4 hours. The low humidity level is needed as Ti-butoxide 

is highly hygroscopic and the sol gets gelled very soon when butoxide is kept 
outside for long. 

2.1.2 Preparation of the substrates: 

Substrates used in the present work are listed in the Table 2.2. Prior to film deposition the 
substrates are required to be optically or near optically flat. Substrates such as 
silicon(lOO) and (111) and quartz are already optically flat as received. However 
platinum required further polishing. The platmum substrates were first polished 
successively on 2/0, 3/0, and 4/0 emery papers to remove deep scratches. Finally they are 
mounted on a plastic stub and polished on a rotating velvet wheel with 0.05 p-m alumina 
powder until mirror finish is obtained. 

Table 2.2: Specifications of different substrates used for coating 


Nature 

Substrate 

Single crystalline 

Polycrystalline 

Amorphous 

Silicon(lOO) - 

Platmum 

Sodalime glass slide 


Before depositing the film, the substrates were cleaned thoroughly by the procedure 
described below. 
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1 . Ultrasonicated in acetone for 5 minutes. 


2. Ultrasonicated repeatedly in distilled water for 5 minutes. 

3. Ultrasonicated in trichloroethylene for 5 minutes. 

4. Dried in air and kept in sealed plastic containers. 

2.1.3 Film Deposition: 

The sol was coated on to the substrate by spin coating technique. Spin coating techmque 
involves simple fluid flow and evaporation behaviours that generally give rmiform 
coating. The films were deposited using a DUCOM (Bangalore) photoresist spinner. The 
substrate was fixed at the centre of the rotating vacuum chuck. This chuck has a small 
hole (~ 2 mm diameter) in its centre which is connected to a vacuum pump. When the 
LED glows, the required vacuum is created at the hole and the substrate is held firmly on 
the chuck. A dropper was used to drop ~0 05 ml sol onto the substrate during the initial 
few seconds of spinning. The sol immediately spreads on the substrate and a gel film is 
produced. The photoresist spinner was typically operated at 3000 rpm for 30 seconds 
duration. After each' coating the film was dried in a quartz tube furnace at 200 C for 2 
minutes. Total number of coatings varied from 5 to 25 in order to obtain different 
thickness for different characterization study. Generally, 15 coatings of the sol on Pt 
substrate resulted in a film of 1.0 pm thickness. Initially Si-substrates coated with 
platinum by sputtering were used for film deposition. But XRD did not show any well 
developed BST peaks except for the Pt peak. After annealing to 650°C films became 
conducting so they could not be used for electrical characterization. Use of Pt substrates 
are recommended for electrical characterization. 
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2.1.4 Heat treatment of the films: 


The as deposited film contains large amounts of organics. Large shrinkage occurs dunng 
the heat treatment due to removal of the organies. Crystallization may start before the 
organics arc completely removed, and sintering and crystallization process may also 
overlap. Thermal analysis such as differential thermal analysis (DTA), thermogravimetric 
analysis (TGA) and infrared spectroscopy (IR) are useful charactenzation tools to 
identify the physio-ehemical changes that occur dunng the heat treatment of the films. 
Since the material eontent of the film is extremely small, the signal obtained is often 
beyond the detection limits of these techniques. To overcome this problem we have dned 
the coating sol at 120°C overnight to prepare a gel powder of same composition. The gel- 
derived powder is ground in a mortar pestle to form fine powder. This powder is then 
used for further study. The heat treatment of the film and powder is performed in a quartz 
tube furnace equipped with a controller. A chromel-alumel thermocouple is kept close to 
the sample to monitor the process temperature. Typical heating rate used is 5 C/min. 
Samples were also "rapid heated" by inserting the sample (kept on a quartz boat) directly 
in the furnace at a preset temperature. After holding in the furnace for required time, the 
sample is quenched to room temperature. Very high heating and cooling rates 
(~100^C/min) can be achieved by this technique. It was observed that films were not able 
to sustain such treatments as this process of rapid heating generated cracks. Thus they 
cannot be used for characterization. 

The process of film preparation is summarized in the flowchart m Fig. 2.1. 
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Fig. 2.1: Flowchart for preparatiou and characterization of BST film and gel powder 
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2.1.5 Sample preparation for microwave treatment of films: 

For microwave treatment the films were prepared on a sodalime glass and Si substrates. 
The films were then put inside a glass petri-dish and kept inside an ordinary kitchen 
microwave oven (2450 MHZ, 1350W+/- 10%, BPL, India). Films were treated for 
different durations inside the microwave oven. A different configuration is used when the 
film is heated radiatively through graphite susceptors [Fig. 2.2]. Use of a thermocouple to 
measure the temperature was not successful due to generation of sparks for the 
thermocouple tip by the incident microwave radiation. 
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Fig. 2 . 2 : Arrangement for heating the films radiatively using graphite susceptors 


2.1.6 Hydrothermal crystallization: 

Hydrothermal crystallization experiments were performed in sealed quartz tubes. The 
sample was prepared with 20 coatings of the sol on Si-substrates, each coating dried in 
the furnace at gOO'C for 1 hr. Some films were given an additional heat treatment at 
350”C for 1 hr in the furnace for better adherence with the substrate. A calculated amount 
of water (in some cases dilute NH,OH with different concentration) were put into a 
quartz tube containing the sample. The tube was sealed and then put in a wrought iron 
tube. For experimental conditions involving temperature >150“C, the wrought iron tube 
with the sealed quartz tube inside was placed at the centre of the furnace muffle. For 
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experiments involving temperature <150°C, the sealed quartz tube was kept inside the 
pi cheated oven for required time. The different conditions used for hydrothermal 
treatment are tabulated below in Table 2 . 3 . 


Table 2.3: Details for hydrothermal experiment 


Medium 

Conditions 

(Temp/Press) 

Time 

Equipment 

used 

Condition of water 

Water 

"320^C/2MPa 

3 hrs 

Furnace 

Superheated steam 

0 5 M NH 4 OH 

250X11 MPa 

3 hrs 

Furnace 

Superheated steam 

IMNH 4 OH 

150^C/not 

considered 

6 hrs 

Oven 

Subcooled liquid 

0.2M NH 4 OH 

150‘'C/not i 

considered 

6 hrs 

Oven 

Subcooled liquid 

0.2 M NH 4 OH 

ISO^C/not 

considered 

30 min 

Oven 

Subcooled liquid 


Calculation of the amount of water/alkali: 

The amount of water to be added is calculated using steam table software (Archon Engg., 
Demo version 5.0). Knowing the temperature and pressure, the specific volume i.e., the 
volume of the quartz tube after sealing is obtained (an allowance of 1 cm in the length of 
the tube is given for sealing). The different values used are tabulated below in Table 2.4. 
Table 2.4: Calculation of the amount of water/alkali 


Conditions 

Temp/Pressure 

Available 

volume 

(cc) 

Specific 

volume 

(cc/gm) 

Mass 

(gms) 

Calculated 

Mass 

(gms) 

Actual 

320X / 2 MPa 

33.08 

130.8 

0272 

0.27 

250''C / 2 MPa 

30.54 

111.4 

0.274 

0.27 

1 50®C / not accounted 

27.99 

1.1 


12.7 

1 50“C / not accounted 

38.17 

1.1 

Hi 

17.3 
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*Iii these cases the actual amounts taken are 12.7 and 17.3 gms respectively; the pressure 
IS not calculated from the steam table. 


2.2 Characterization of the films and gel powder: 

2.2.1. Optical Microscopy: 

After drying, the films are examined in an optical microscope (Carl Zeiss, Germany) 
under reflected light at xlOO and x200 magnifications. Presence of any cracks after 
drying can be easily detected at these magnifications. 

2.2.2 Scanning electron microscopy (SEM): 

The presence of cracks, voids etc in the film as well as the grain size and other 
microstructural features of the films are studied by a scanning electron microscope (JSM 
840A, JEOL, Japan). The insulating film cannot be directly observed under SEM due to 
electron charging effect. For this pupose the film surface is coated with a thin metal (Au- 
Pd) layer. The electroded film is fixed on the top of a 1cm cylindrical brass stub and 
observed under SEM. The typical operating conditions of the SEM are given in Table 
2.5. 


Table 2.5: Operating conditions for SEM 


Acceleration 

10-15 kV 

Voltage 


Probe current 

0.3 nA 

Working distance 

7-15 mm 

Magnification 

4000 - 20,000 X 
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2.2.3 Thickness and surface roughness measurements: 

The thickness and surface roughness of the film after the heat treatment are measured by 
a surface profilometer (Alpha step-100, Tencor Instruments, USA). This instrument 
requires a sharp step between the film and the substrate to measure film thickness. Since 
spin coating uniformly covers the substrate, a small part of the film is wiped off after 
deposition from the substrate by a mild etchant after each coating. A blade is kept 
vertically over the film each time at the same place (position is is kept fixed by 
observing under an optical microscope) and by brushing off the film with the etchant 
carefully so that no etchant seeps through the bottom edge of the blade. 

Preparation of the etchant; The etchant solution is prepared by adding 2ml of HNO3, 
10ml of distilled water and 10 ml of ethyl alcohol together in a 25 ml beaker. The 
solution stored in a plastic container. 

During thickness measurement the stylus of the surface profilometer first scans the bare 
substrate and then scans the film surface through the sharp edge. The difference in height 
between the two in the profilograph yields the film thickness. For a baseline correction, 
the step up (fl') or step down (-U-) button is pressed a number of times as needed. A chart 
recorder produces the output of the measurement. To measure the surface roughness of 
the film the stylus is scanned on top of the film surface and the roughness is read from the 
profilograph output. 

2.2.4. X-ray diffraction (XRD) study: 

The X-ray diffraction technique has been used to analyze the phases and to determine the 
crystal structure, lattice parameter and the crystallite size of the phases present in the 
film. 
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2.2.4.1 Phase analysis: 

Phase analysis is carried out for the thin films derived from different sols and gel derived 
crushed powder of the same composition of the sol. X-ray diffraction patterns are 
recorded by a fully computerized X-ray diffractometer (Rich Seifert Iso-Debyeflex-2002, 
Germany). CuKa radiation (X = 1.5405 A) is used with a Ni monochromator for probe. 
The following operating conditions have been used. 

Table 2.6: Operating parameters for X-ray diffractometer 


Accelerating voltage and current 

30kV, 20mA. 

Scanning speed (SS) 

3°/minute 

Counts per minute(CPM) 

5k 

Time constant 

10 seconds 


The substrate coated with the film is held in a Perspex holder with small amount of 
plasticine. The sample is made horizontal by pressing it down lightly with a glass slide. 
The powder samples are spread evenly on the surface of a glass slide with the addition of 
a few drops of acetone so that the powder sticks to the glass slide. 

The X-ray diffraction plots (intensity vs 20) of the samples are recorded in the 26 range 
from 20° to 60° with the step size of 0.05°. The 20 values and the corresponding relative 
intensities are compared with the standard data for determination of phase or phases 
present. 

BST crystallizes in perovskite form. The interplaner spacing 'd' is noted from the 
data of the diffractogram. For BST composition Bao 8 Sro 2 Ti 03 the stmcture is tetragonal. 
The standard data was not available for this composition. So the data from the 
diffractogram given in Ref. 30 is read using Tracer 1.5 software. The data m reference 
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shows splitting of (001) and (200) lines, which is a sign of obvious teragonality. Our 
system was not precise enough to detect the splitting clearly. A slow scanning (O.s'^/min) 
was tried but the noise level was so high that the peaks could not be distinguished. The 
data was not accurate enough to calculate the lattice parameter and crystallite size. 

2.2.5 Fourier Transform Infrared spectroscopy (FT-IR): 

The broadband spectra like Raman and IR are presently becoming more popular as the 
useful tools to study the stmctural aspects of the material under study, which are sensitive 
to compositional variations. Infrared spectroscopy, in particular involves the absorption 
of electromagnetic radiations by matter, the existence of which is known since a long 
time with the discovery of Sir William Herschel in 1800^^*1 Today Infrared spectroscopy 
ranges approximately from 0.78 fxm {1/X = 12500cm'^) to 1000 pm (1/ X = 10cm'). 
However the most useful range is from 2 pm to 16 pm. The absorption bands, which 
occur in this region, are due to the fundamental molecular vibrations. IR technique is 
used for the identification of specific functional groups especially in organic molecules or 
covalently bonded groups such as hydroxyl, carbonate, trapped water etc in inorganic 
solids. 

It is well-accepted fact that the matter absorbs infrared radiation selectively with respect 
to the wavelength. The two necessary conditions, which must be met before the 
absorption of infrared radiation by the molecule can occur, are 

1) There must be a change in dipole moment of a molecule, and this will occur only 
when the electrical charges on the atoms are unequally distributed. Under these 
conditions, a stationary alternating electric field is produced whose magnitude 


45 



changes with the trequency; and it is this electric field which interacts with the 
field of electromagnetic radiation. 

2) The molecular vibration frequency must be identical to that of incident 
electromagnetic radiation, failing which the radiations transmit through the 
molecule without any loss of energy. 

As a result, when infrared radiations of successive frequencies are passed through the 
molecule and the fraction of transmitted energy is plotted against the frequency or 
wavelength, the result is a series of minima and maxima, which is referred to as an 
infrared absorption spectrum. The absorption or transmission of this electromagnetic 
energy is dependent on the number of atoms, their mass, their way of stacking in the 
material and the force constant of interatomic bonds. The vibrations between various 
atoms within the molecule could be described as stretching vibrations, bending 
vibrations, involving groups of atoms within the molecule and the vibrations of the 
molecule as a whole. These vibrations can occur at various frequencies and are 
characteristics of groups of atoms within the molecule. Thus, absorption peaks at various 
wavelengths are correlated with the molecule, using which, the structural studies can be 
carried out. The depth of the absorption bands is directly related to the number of 
molecules in the beam of radiation, and this feature is often used for qualitative 

measurements. 

The Fourier Transform Infrared Spectroscopy (FT-IR) studies were carried out with a 
spectrophotometer model Vector-22 (Bruker) in the range 400-4000cm' . BST gel 
powder is mised thoroughly with KBr powder and pressed in a 0.5 mm thick pellet of 1 
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cm dianietei . The pellet is inserted into the sample holder and IR absorption is recorded. 
A pure KBr pellet of same size and thickness is used as reference. 

2.3.6 Thermogravimetric analysis (TGA): 

In the present work TGA has been carried out in order to identify the thermal 
decomposition, solid-state reactions and phase transition of BST gel powder during 
heating. In TGA % weight of the sample is recorded as a function of heating temperature. 
Gel powders made from the sols are used as samples for TGA. A small amount of 
powder (Wi) is taken in a platinum cmcible, which is hung from an electronic balance 
(ER-IOOA, Afeoset, India), into an electrically heated vertical furnace. The sample is 
heated at a constant rate of 5°C/min. The weight of the sample (W 2 ) is recorded as a 
function of temperature from room temperature to 900°C. The weight percent of the 
W -W 

sample, — * x 1 00 Vs temperature (T) yields the TGA plot. 
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I.Z.I iLiectrical measurements: 


2.2.7.1 Sample configuration: 

For all the electrical measurements films are deposited on polished platinum plates. After 
annealing, 0.5 mm diameter dot electrodes are deposited through a mask. The electrodes 
are ol gold-palladium (Au-Pd) deposited by d.c. sputtering. The thickness of the 
electrodes is estimated to be lOOOA. The sample configuration is shown in Fig. 2.1. After 
top electrode deposition the films are heated to 300°C for 10 minutes to impart better 
adhesion between the electrode and the film surface. 


Au-Pd (top electrode) 


Film 


Pt (bottom electrode) 



Fig. 2.3 Sample configuration for electrical measurement 

2.2.7.2 Top electrode deposition: 

Hummer (VI-A) sputtering unit (Anatech Limited) with Au-Pd target in a shape of 
circular disc is used to deposit top electrode of Au-Pd on ceramic thin films. A mask with 
several circular holes (~ 0.5 mm diameter) is kept on the films. So only the spare small 
circular areas is deposited with Au-Pd thin films. The steel substrate is conducting and 
acts as bottom electrode. 
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For sputtering, following conditions are used: 

Vacuum in sputtering chamber = 80 mT (milliTorr), 

Plasma discharge current = 10 mA (milliAmpere), 

Voltage control setting = 3.5 to 4.5, 

Total time for sputtering = 15 to 20 minutes. 

2.2.7.3 Sample holder: 

Fig 2.3 shows the schematic diagram of the sample holder used for electrical 
measurements. A mica-sheet is wound with a heating coil and positioned between two 
stainless steel plates, insulated from the coil. The top stainless steel plate is partly covered 
with a silver foil of about 0.2 mm thick. Two adjustable silver probes, insulated from 
each other are fixed on the top plate. A chromel-alumel thermocouple is also kept in the 
close proximity of the probe to monitor the sample temperature during high temperature 
measurements. In the present work only room temperature measurements were carried 


out. 



2. 2.7.4 Impedance analyzer: 

An impedance analyzer (Model HP 4292A LF) with a HP 1607A test 
fixture is used for electrical measurements. The impedance Z, phase angle 6, dielectric 
loss (D) and capacitance (C) of the films are measured as a function of frequency 
between 100 Hz to 13 MHz. The built in frequency synthesizer is used to generate 
frequency m the range of 5 Hz to 13 MHz with 1 mHz resolution. The a.c. voltage peak 
amplitude and the frequency range over which measurements are desired are set while 
calibrating the instrument. There are two display modes 'A' and 'B', which can be selected 
to measure the desired quantities. 


Table 2.7: The displays 'A' and 'B' of impedance analyzer 


Display 'A' Function 

Display 'B' Function 

|zi : 

Absolute value of Impedance 

0 (deg/rad) : Phase Angle 

1Y| : 

Absolute value of Admittance 

R : 

Resistance 

X : Reactance 

G : 

Conductance 

B : Susceptance 

L : 

Inductance 

Q : Quality factor 

D : Dissipation factor 

R : Resistance 

C : 

Capacitance 

G : Conductance 


The equivalent modes are auto, I — 1 nAAAA/^^“ (series) and 

~ (parallel). 


^AAAA^ 

For dielectric measurements, the display can be set to 'C and 'D' to 


calculate dielectric constant (k). These measurements are done as a function of frequency. 
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2.2.1. 5 Dielectric constant and dielectric loss measurements: 

The chclcctric properties such as dielectric constant, dielectric loss factor, dielectric 
rcsistiviti-y, dielectric strength and magnetic permeability are very useful for ceramic 
applications. Ihe capacitance (C) and dielectric loss factor (D) are measured directly by 
impedance analyzer for all the samples. The thin film sandwiched between the top and 
bottom electrodes acts as a parallel plate capacitor. 

The capacitance of the dielectric/ceramic materials is given by 


where, £« = permittivity (dielectric constant) of free space (vacuum), 
Cr = dielectric constant of the film, 

A = area of the top electrode, 
and, d = thickness of the thin film. 


From equation (5), 


6 . =■ 


1 


Cxd 


( 6 ) 


Hence, Sris calculated in the firequency range of 10 kHz to 13 MHz for all 
the samples at room temperature. The dielectric loss is directly read fi:om the impedance 
analyzer. 
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Results and Discussions 

This chapter deals with the experimental results on the structural and electrical properties 
of the BST thin films made by sol-gel route. The BST films are made with different 
additives and solvents and characterized willi respect to their phases, microstructure, and 
electrical and dielectric properties. Thermogravimetric analysis (TGA), X-ray diffraction 
(XRD), and fourier transform infrared spectroscopy (FT-IR) are used to obtain the 
structural information on BST films and gel powders. The dielectric properties of the film 
are studied through complex impedance analysis (CIA). Results are presented in three 
sections. 

1 . Studies on intermediate phase 

2. Studies on the crystallization by unconventional method (microwave and 
hydrothermal) 

3. Structural and electrical properties of thin film samples. 

TGA results are presented first, followed FT-IR and XRD results. Then the results of the 
studies on the crystallization by microwave and hydrothermal method are discussed. Data 
on the microstructure and physical properties of the film are presented next. The 
dielectric and electrical properties of the film obtained from the complex impedance 
analysis are discussed thereafter. The results have been discussed and compared in light 
of the existing data given in the recent literature. 
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3.1 Studies on the intermediate phase of BST: 

In the sol-gel processing of BST films precursors are Ba - acetate and Sr - acetate 
dissolved in heated acetic acid and Ti - butoxide. The precursors react to form a sol of 
barium strontium titanate (BST). The sol is used to coat the substrates. The as - deposited 
films arc amorphous and need to be annealed at 600° - 700° C to form the crystalline 
pcrovskitc phase. It is believed that the crystallization to the final perovskite phase 
proceeds via the formation of one or several intermediate phase(s). The crystallization 
behavior, phase formation and microstructure evolution in BST films depends upon a 
series of interrelated factors like sol concentration, thickness of the films, nature of 
substrates, effect of annealing temperature, annealing atmosphere, post - aimealmg 
treatment and use of different additives. The aim of the present study is to investigate the 
effect of different additives like acetylacetone, DBA and ethylene glycol on the structural 
and electrical properties of BST thin films and evolution of intermediate phase(s). Efforts 
arc made to find out the structural information by a systematic study earned out for thin 
films and gel powders prepared from sols with different additives as tabulated in 

Tables. 1. 

Table 3.1 : Specification of the gel powders made from sols of different additive 


Sample name 

Additive used 

Solvent used 

SWA 

None 

Methoxyethanol/acetic acid 

FS 

Acetylacetone 

Methoxyethanol/acetic acid 

SDM 

DEA 

Methoxyethanol/acetic acid 

SWG 

none 

Glycol/acetic acid 

SEG 

Acetylacetone 

Glycol/acetic acid 

SDM 

DEA 

Glycol/acetic acid 

OS 

Acetylacetone 

Glycol/acetic acid 


53 




All the sols are of composition Bao 8 Sro. 2 Ti 03 . The gel powders made from the sol are 
heated to different temperatures from 200®C to 800*^C. The results are summarized 
below. 

3.1.1 Thermogravimetric Analysis (TGA) : 

Figure 3.1 show the TGA plots for three different samples with acetylacetone, 
without additive and with DEA respectively. In all the samples weight loss occurs in 
three distinct steps. First one occurs between 50 - 150°C, second one between 225-400°C 
and the last one occurs between 600 to 700*^C. The TGA curves show a small weight loss 
of about ~10% between 50 and 200^C which corresponds of absorbed water, a major 
weight loss (-25%) between 300°C and 400°C, which is probably due to drastic removal 
of carboxylic groups and their combustion and a weight IdSs (-13%) in the range of 
600 - 690'’C. In case of sample with acetylacetone the weight loss between 300°C - 400°C 
is more gradual compared to the other two. So it can be said that the addition of 
acetylacetone slows down the weight loss due to organic bum out and it is expected in 
case of BST film it will minimize cracking. It appears that the removal of organics is 
more difficult when an additive is used and the organics may not be getting removed 
completely even upto 900°C. 

3.1.2 FT-IR analysis: 

The FT-IR absorption spectra from gel powders made from the sols of different 
compositions were obtained. The powder is made by keeping the sol at 120°C m an oven 
for 12 hrs. The resulting gel powder is ground in an agate mortar. Pellets of the powder 
were made in KBr in the ratio of 1:30 and the FT-IR spectra were obtained using a 
spectrometer model vector-22 (Bruker) in the range 400 - 4000 cm 
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The absorption spectra of gel powder made from the sol with 2-methoxyethanol artd 
without any additive and heated to 400«C. 500»C, 650»C aird 800»C each for 1 hr are 
shown in figure 3.2. A broad peak ranging from 1700 - 950 cm-' appeared with maximum 
at 1 430 cm for the sample heated at 400°C for 1 hi. On heating to 500°C the peak shifts 
to 1440 cm-' indicating the formation of carbonates On further heatmg to 650"C this 
peak shifts to 1441.31 and some strong peaks appear between '650 - 430 cm"^ indicating 
the onset crystallization. On further heating to 800°C the peak shifts 1444.38 cm'* 
and becomes much weak in intensity. 

A prominent hump at 3446.09 cm"' due to hydroxyl (-OH stretch) is observed for 
the sample heated at 400 C. This peak decreases in intensity with increase in treatment 
temperature. 

In figure 3.3 spectra for the gel powder made from sol with 2-methoxyethanol and 
acetylacetone as additives are shown for three different temperatures 400°C, 500°C and 
650“C. A peak corresponding to carbon - oxygen stretch in orgamc acids (C-OH) 
appeared at 1432 cm'' for sample heated at 400°C. On heating to 500°C the peak shifts 
towards lower wave number i.e., 1429 cm'*. This peak is broader but much less intense. 
On further heating to 650°C this peak shifts towards even lower wavenumber (1425cm'*). 
No characteristic peak for carbonates (1440-1450 cm'*) was observed for these samples. 

In figure 3.4 the spectra for gel powder made from sol with 2-methoxyethanol and 
DEA as additive are shown for three different temperatures 400, 500 and 600**C. All of 
them showed the presence of COs^' peak around 1441 cm'* and a broad hump for 
hydroxyl (-OH) stretch. 
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Figure 3.5 presents the spectra of gel powder of sol made with ethylene glycol 
and without any additive at 400°C, 500«C and 650°C. A sharp peak at 1437 cm'* is 
obtained which shifts to 1438 cm'* and 1434 cm'* with heating to higher temperature. 

In figure 3.6 the spectra for gel powder of sol with ethylene glycol and 
acetylacetone as additive are shown. At 400°C a peak corresponding to 1436 cm"' 
appeared which shifted towards lower wave-numbers i.e. 1435 cm'’ (at 500'’C) and 1431 
cm ' (at 650‘’C) indicating C-OH stretch of organic acids^^°l At 800°C no peaks in the 
concerned region (1400 - 1700 cm’’) are observed. 

Figure 3.7 represents the spectra of gel powder made from sol with ethylene 
glycol and DEA. For 400*^0 a sharp peak corresponding to wavenumber 1438 cm"’ 
appeared. On heating further to temperatures 500°C and 600’’C the peak position did not 
change much (1437.37cm'’ for 500*’C and 1438.68cm'’ for 600°C). For all these samples 
an hump corresponding to hydroxyl (-OH) stretch is also observed. 

Figure 3.8 represents the spectra for the gel powders of an aged sol containing 
methoxyethanol and acetylacetone. The sol was aged for 30 days at room temperature 
and then gelled into powder as before. In these powders, a broad absorption peak due to 
hydroxyl (-OH stretch) is observed at wave number 3356 cm'’. This peak decreases in 
intensity with increase in treatment temperature but may still be very weakly present after 
treatment at 650’’C. A distinct peak at 1442 cm"’ remains after the heat treatment at 650°C 
in addition to several strong peaks below 670cm''. The position of the peak shifts towards 
the lower wave numbers as the treatment temperature is lowered. At 200’’C there is a 
broad peak between 1800-1500cm'’. It appears that the peaks are due to the asymmetric 
carboxylate stretch of CO 2 ' and also due to C-OH stretch from the acetic acid. As the 
temperature is increased, the antisymmetric CO 2 stretch disappears and finally at 500 C 
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the peaks due to acid totally disappear and carbonate (COa^') peak appears. On heating to 
SOO^C the peak corresponding to carbonate disappears. 

From the above results, it is seen that in some cases a peak at -1440 cm"' 
corresponding to CO3 is present. On heating, this peak either remains unchanged or 
shifts to slightly higher wave numbers. This agrees with the position of the peak in the 
range 1440-1450 cm'' reported for carbonate group In the other sample a peak is 
present at —1435 cm and its position shifts to the lower position. This corresponds to C- 
OH stretch. 

As the peaks observed are somewhat broad and the position of the two sets of 
peaks arc close to further clarify the matter, the peaks for samples treated at 500°C were 
resolved into individual peaks by peak fitting (Peakfit 4.0). The results are shown in Fig. 
3.9 and tabulated in Table 3.2. 

Table 3.2: Consolidated data of the peak-fitting results 


Additives to the 
sol/Temperature 

Peak positions 

Peak Intensity 

Identification 

None/500‘'C 

1442.7 


eehbbi 


1335.3 



Acetylacetone/500‘'C 

1468.75 




1426.56 


-C-OH 


1350.00 

21% 

-CH2- 

DEA/500"C 

1561.65 

1.98% 

-CDs' 


1443.41 

100% 

-COa^' 


1339.45 

14.05% 

-CH 

Ethylene glycol/500'^C 



-COa^' 

Ethylene glycol, acetyl 

1466.42 

45.54% 

-CHa 


1432.38 


-C-OH 


1383.83 

BSHHHiH 

-CO2' 

Ethylene glycol, DEA/500^C ^ 

1501.01 




1437.01 


-COa^' 


1348.07 

9.29% 

-CH 

Acetylacetone(aged 



-COa"' 

sol)/500°C 



-CH2- 
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an additive to the sol, the hydrolysis and condensation reactions are slowed down and no 
segregation of different ions occurs. This avoids the formation of the intermediate 
carbonate phase. 

3.1.3 X-ray diffraction analysis: 

X-ray diffraction is carried out on the gel-powder samples made from sols 
containing different amounts of additives and solvents and heated to different 
temperatures in order to get information about the phases present and formed during the 
course of heating to higher temperatures for crystallization. Fi^re 3.10 shows the XRD 
patterns of the gel powder made from a sol containing methoxyethanol but without any 
additive. The x-ray peak for BaCOs is expected at 20 = 24.68 and for oxycarbonate is at 
27.0^ ' '. The high intensity broad hump at 0 = 20° - 30° after 400°C treatment [Fig. 3.9 
(a)] is indicates the presence of a carbonate/oxycarbonate phase. A broad peak at 24.5 
superimposed on this hump appears at 450°C. At 500°C the hump height decreases, the 
carbonate peak disappears and many peaks correspond to BST appear. At 600°C the 
hump is almost gone and 5 distinct BST peaks are present. After the 650°C treatment, the 
peaks become sharper. The XRD patterns are shown for the samples made ftom sol with 
acetylacetone and methoxyethanol in Fig. 3.11. It is observed that at 400»C BST the 
peaks start appearing alongwith a broad hump in the range 20 - 30". It seems that there is 
a peak superimposed on that hump at 24.2" value of 20. On heating to 500"C the BST 
peaks get sharpened but a peak at 23.98" remained which does not match with either 
BaCO, or oxycarbonate peak. Such a peak has also been reported by Ding et al‘'">. They 
attributed it to an unidentified mtermediate pl«e. possibly (BarSDTiOrCO,. Furttter 
heating to 600,650, 750"C reduce the intensity of this peak (around 24") and BST peaks 
get stronger. After heating to 750"C only the peaks correspondifag to the perovskite phase 
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of BST are present. The composition corresponding to Bao 8 Sro 2 Ti 03 is expected to 
crystallize to a tetragonal phase. The XRD pattern of a tetragonal phase as characterized 
by the splitting of the (100) and (200) peaks. It can be seen that the (200) peak is 
asymmetric. Fig.3.12 shows a slow scan plot of the peak. The composite peak can be 
resolved into in to two peaks in peak fitting. In this case, the noise level was so high that 
the peak fitting gave many peaks rather than two distinct peaks. The XRD patterns for the 
sample with and without acetylacetone and with glycol are shown in figures 3.13 and 
3.14 respectively. It can be concluded from these graphs that the samples made with 
acetylacetone crystallize at comparatively lower temperature than that made without 
acetylacetone. The sample made without acetylacetone shows the presence of additional 
peaks even at the temperatures of 650^C. In case of samples made from aged sol with 
acetylacetone (fig. 3.15) showed well-crystallized BST phase from 500°C onwards. 

In figures 3.16 and 3.17 the results of XRD are shown for the samples made using 
DBA and methoxyethanol and DBA and glycol. The samples with methoxyethanol 
started crystallizing from 500°C. At 400°C some peaks corresponding to BaCOj and 
SrCO.! were observed. Heating to 500°C replaced those peaks by BST peaks. On further 
heating to 600*^0 intensified the BST peaks. But for the samples with DBA and glycol till 
600"C some additional peaks were observed. The overall pattern is altogether different 
from the conventional BST peaks specially around 20 = 42 - 48°. The additional peaks 
can be identified as BaCOs and SrCOs peaks. 

Discussions: 

As seen in the FTIR data that CO,"' peak starts appearing in samples heated to SOO^C/hr 
when no acetylacetone is used. On the other hand, the XRD plots show tttat there exist 
some broad peaks in the region 6 = 20»- 30-. When heating to higher temperature some 
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distinct peaks superimposed on this broad hump start appearing. These peaks neither 
correspond to BaCOs (24.68°) nor oxycarbonate (27°) peaks. So it is difficult to draw any 
conclusion from the XRD data about the intermediate phases. But in case of the samples 
with DEA the BaCOs and SrCOa peaks appeared which corresponds well with the FT-IR 
data. So it can be concluded that XRD was not sensitive enough to detect that the 
carbonate phases present in the BST, which was detected by FT-IR. Although there is no 
clear - cut indication about the presence or absence of carbonate phases from XRD, it is 
evident that in case of the sample with acetylacetone BST peaks starts appearing from 
400°C itself, which is unique and not seen in any other samples. Use of ethylene glycol in 
the sol improves the situation further, as when glycol is used peaks of BST become even 
stronger. Thus use of acetylacetone and glycol in the sol reduces the crystallization 
temperature of BST in its perovskite phase. 

3.2 Studies on the crystallization of BST thin films by 
microwave radiation and by hydrothermal treatment: 

Conventionally, the as deposited amorphous films are crystallized by means of IR i.e., by 
heating inside a conventional furnace to high temperature (650°C). In this work two 
unconventional methods for crystallizing BST were also tried 

i) Crystallization using microwave energy and 

ii) Crystallization by hydrothermal method. 

These are discussed below . 
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3 *^ C)ryst2illiz3,tioii usin^ iiiicrov^3,vc energy* 

The use of mierowave energy for material synthesis and processing is a rapidly 
expanding field. Rapid sintering of ceramics using microwave energy offers many 
advantages over the conventional heating techmques. Fine grain size, high toughness and 
substantial energy saving have been achieved by microwave sintering^^^l So far, there is 
no report on the crystallization of thin films by microwave energy. In our lab using an 
ordinary kitchen microwave (2450 MHz, 1350W ± 10%, BPL, India) experiments were 
performed on crystallization of the BST film. Films on glass’ -and silicon substrates are 
used for this study. Use of microwave in full power for 15 minutes also did not result in 
crystallization. Use of graphite susceptors for both the substrates did not result in 
crystallization [Fig. 3.18 (a) and (b)]. Thus the film is not getting heated to high enough 
temperature by the microwaves required for crystallization. Fig. 3.19(a) shows the FT-IR 
spectra of a gel powder subjected to same microwave treatment as the fihn.Fig 3.19(b) 
shows the FT-IR spectra of the same gel powder heated to 200°C in the conventional 
maimer. The spectra for the samples heated at 200°C/ Ihr and treated in microwave for 
15 minutes yield very similar graphs. Thus it can be concluded, with the existing set-up 
in the lab is not possible to crystallize the film. Either the microwave should be guided or 
a suitable susceptor should be used to heat the film rapidly. Moreover the auto cut-off 
circuit inside the microwave oven should be removed in order to get radiation 
continuously for a longer duration. 

3.2.2 Crystallization using hydrothermal method: 

Hydrothermal processing is a technique where high temperature and hi^ pressure 
aqueous solutions, vapours and or fluids react with solid materials in order to yield new 
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or modified products^^^^. But the temperature used in the hydrothermal technique is much 
lower compared to that used in the conventional sintering or calcination processes. 
Efforts were made to crystallize BST films on silicon by hydrothermal technique in the 
laboratory. Different temperature, pressure and medium for hydrothermal technique were 
used for different duration ant the results are tabulated below. The experiments regarding 
crystallization by hydrothermal technique was a failure, as the films did not crystallize by 
the conditions used in the present work. The gist of hydrothermal experiments and results 
are given in Table 3.3. 


Table 3.3: Excerpts of the experiments on hydrothermal crystallization 


Expt 

No. 

Sample 

specification 

Medium of 
hydrotherm 
al treatment 

Conditions for 
hydrothermal 
treatment 

Film 

morphology 

Remarks 

1 

20 coats of 

BST on Si, 
each coating 
dried at 200 °C 
for min in 
furnace 

Water 
(0.27 ml) 

320"C, 2 MPa, 
3hrs. 

No apparent 
change in 
film 

morphology 

Alkaline medium 
instead of pure water 
and a lower 
temperature (250°C) 
is to be tried. 

2 

Same as the 
above 

0.5M 

NH 4 OH 
(0.3 ml) 

250^0, 2MPa, 

3 hrs. 

Film became 
white in 
colour cracks 

are 

developed. 

Film did not 
crystallize. Only a Si 
peak at 28.45 is 
observed. 

3 

A sample 
treated by 
expt, 1 
annealed in 
furnace at 
650°C for 1 
hr. 



. 

The film did not 
crystallize. Perhaps 
the film gets 
removed/dissolved 
during the 
hydrothermal 
treatment.To avoid 
removal of film 
during hydrothermal 
treatment, the film is 
to be heated to an 
intermediate temp, 
of 350°C for 1 hr. 

— — 
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Expt 

No. 

Sample 

specification 

Medium of 
hydrotherm 
al treatment 

Conditions for 
hydrothermal 
treatment 

Film 

morphology 

Remarks 

4 

Si coated with 
BST sol (25 
times). Each 
coat dried at 
200 ° C for 2 
min then 
treated at 
350°C/hr 

NH 4 OH 

(IM) 

(12 ml) 

ISO'^C, 6 hrs 
~1 MPa 

(not considered) 

The Si wafer 
surface 
became very 
rough. 

Seemed that 
the solution 
reacted with 

Si. No film 
were 

identified. 

Concentration of the 
alkali should be 
reduced 

5 

Same as the 
above 

NH 4 OH 
(0.2 M) 

150"C, 6 hrs. 

Again Si 
surfaces are 
getting 
chipped off 
and no film 

was 

observed. 

The time of 
treatment should be 
reduced. 

6 

Same as the 
above 

NH 4 OH 
(0.2 M) 

150"C, 30 min 

The sample 

changes 

colour 

(yellow). The 
film is seen 
under the 
microscope 
and certain 
grain like 
structures are 
observed. 
FT-IR was 
very different 
in nature as 
observed 
before the 
treatment. 

The film did not 
crystallize. 
Hydrothermal 
treatment for another 
30 min also did not 
help in crystallizing 
the sample. 


As discussed in the earlier table the films did not crystallize as shown by XRD pattern m 
Fig. 3.20 by the conditions used in the hydrothermal technique. The FT-IR spectra of as 
deposited, after 30 miri and after 1 hr treatment are shown in Fig. 3.21. It is not possible 
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to conclude anything from those spectra. A detailed and systematic study is needed with 
different concentration of the alkali and time of the treatment to optimize the conditions 
to be used for hydrothermal treatment. 

3.3 Results on the thin film samples: 

3.3.1 Thickness and roughness measurements: 

The thickness and roughness measurement is carried out using surface profilometer. 
Some examples of the profilometer plots are shown m Fig 3.2'2 (a)- (c). The thicknesses 
of the films are in the range of 0.8 p-m to 2.0 pm. The measurements were done at 2-4 
spots to determine the uniformity of thickness of the film. Fig 3.22(a) shows the 
profilograph of a film made by 15 coatings of sol on Pt and annealed at 650°C for 1 hr in 
furnace. The film is uniform and almost smooth except for some unevenness at the 
step.Thickness of the film is around 1 pm. This is a typical sample used for electrical 
characterization. Samples with DBA as additive showed a rougher film with a slightly 
high value of thickness Fig. 3.22(b). 20 coatings of the sol resulted in a much thicker 

film. 

3.3.2 Optical microscopy: 

Figure 3.23 shows the optical micrograph of the film annealed at 650°C/lhr. Films 
annealed to 800°C /2 hrs had a similar structure. The film features are the scratches on the 
substrate formed during polishing. The films are crack-free under the optical microscope. 

3.3.3 Scanning Electron Microscopy: 

Fig. 3.24 (a)-(b) and Fig. 3.25 (a)-(b) show the SEM pictures of the films made with 
different additives and taken at different magnifications. Fig. ^.24 (a) shows the sample 
made without any additive, annealed at two different temperatures 600 and 800°C. Fig. 
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3.24 (b) shows pictures of the samples made with acetyl acetone annealed at 600 and 
800 C. All these photographs are taken at xSOOO magnification. Figures 3.25 (a) and (b) 
depict the SEM pictures of the film with DBA taken at two different temperatures and 
two different magnifications (xSOOO and x 15000). All the SEM pictures are very 
diffeient from the published data in the journals. No grainy microstructure is seen in 
those films. In case of the film made with acetyl acetone and annealed at 800*^0, an 
altogether different microstracture from the rest is observed. 


3.3.4 XRD results: 

The XRD patterns for the thin film samples (~ 1 pm) containing no additive, 
acetylacetone and DEA and annealed at 600°C for 1 hr are shown in Fig.3.26 (a), (b) and 
(c) respectively. In Fig. 3.27 plots of these three samples annealed at 800°C for Ihr are 
shown. All the data are tabulated in Table 3.4. 
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Table 3.4: Comparison of the data obtained in different films with published data 



r- 

VO 



3.3.5 Dielectric Measurements: 


3.3.5.1 Dielectric constant: 

The dielectric constant is calculated using the following relationship: 
Capacitance of the film is given by 

C = (1) 

a 

where, Sq = permittivity (dielectric constant) of a vaccum, 

s, = relative dielectric constant, 
d = thickness of the film, 
and A = area of the electrode. 

From equation (1), 



The capacitance and dielectric loss of the film are measured directly fiom the impedance 
analyzer at various frequencies at room temperature. The films were about 1 pm thick 
and the top electrode diameter was 0.5 mm. The oscillator level was 50 mV and the 
measurements were carried out in the frequency range 1 kHz to 1 1 MHz. Measurements 
were carried out on three devices in each sample and the average of the three 
measurements for each sample is presented. Six different samples, were made with three 
different sol (i) without any additive, (ii) with acetyl acetone, and (iii) with DBA and 
annealed at two different temperatures 600°C and 800°C for 1 hr each. The variations of 
the dielectric constant with frequency for the samples are shown in Fig. 3.28 and 3.29 as 
a function of annealing temperature and additive in the sol respectively. As seen from 
these curves, the dielectric constant increases with increase in annealing temperature in 
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all tha threa samples. The dieleotnc constant is high at low frequencies and decreases as 
the frequency increases first rapidly till 10 kHz and then slowly. In case of sample with 
DBA, annealing at 800»C increased the dielectric constant significantly compared to the 
other two samples (with acetyl acetone and without additive). The values of dielectric 
constant is very low (maximum value ~ 42) compared to the available data in the 
literature (~ 300). These discrepancies may arise when 

1 . A layci exists at the grain boundaries having a very low value of dielectric constant 

2. There is formation of interfacial layers with low dielectric constant between the 
substrate and the film. 

3. Grain size is very small 

4. Porosity in the film 

A model of capacitance in series can realize the effects of 1 and The local field 
caused by the space charge layers at the grain boundaries can be expected to work as 
parasitic capacitors having a small capacitance^^^l In other way, this may be explained by 
a dielectric system represented by two extreme connectivity structure, with an effective 
dielctric permittivity given by 

( 3 ) 

where n = ±1, Vf= partial volume, refers to the intrinsic dielectric permittivity of 

BST grain and is that of a second phase having a low dielectric permittivity. The 

exponent n is +1 for parallel and -1 for series combination. However, a lowering of the 
dielectric constant from an expected value of 300 to the measured value of - 20 can not 
be explained by such an argument. The grain size of the film, as observed the SEM is 
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also sufficiently large. It appears that the films have extensive microporosity as discussed 
in section — which may be responsible for the low dielectric constant 
3.3.5.2 Dielectric loss: 

The frequency vaiiation of average dielectric loss as a function of temperature and 
additives are plotted in Fig. 3.30 (a)-(c) and 3.31 (a)-(b) respectively. It is seen in all the 
cases that at low frequencies the dielectric loss is very high and decreases very rapidly 
below 100 kHz. For samples annealed at 800°C it is seen that the value of dielectric loss 
is much less in case of the sample prepared with acetyl acetone. There is not much 
change in the dielectric loss values with annealing temperature in case of samples 
prepared with acetyl acetone and DBA. But in case of sample without additive dielectric 
loss differs in large amount at low frequencies for annealing temperatures 600°C and 
800^C. The value of high dielctric constant and high dielectric loss at lower frequency 
can be attributed to the contribution of grain boundary and electrode^^^l The high value 
of the dielectric loss at low frequencies again appears to be related to the microporosity 
of the film. It could also be due to some organic residue remaining in the film.The 
significant differences in the dielectric loss in the samples with different additives [Fig. 
3.43(b)] may be due to this reason. 
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Fig. 3.1 : TGA curves of the gel powder made from sols (without additive, 
with acetylacetone and with DEA) 
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Absorbance in arb. unit 



Fig. 3.4: FT-IR spectra of gel powder with DEA and methoxyethanol 



Fig. 3.5: FT-IR spectra of gel powder with glycol and without 
additive 





Absorbance in arb. unit 



Wavenumber in cm'^ 

Fig. 3.6. FT-IR spectra of gel powder made with acetylacetone and glycol 



Fig. 3.7: FT-IR spectra of gel powder made with DEA and glycol 
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10H 


08- 


06 H 


04- 


Powder with 
glycol and 
acetylacettone 


xc » peak center 
w » FWHM 
A »area 



1200 


1300 


1400 


1500 


1600 


Data Datal^D 


Model Lorentz 


Chi'^2/DoF = 0 00055 

R'^2 

= 0 99401 


yO 

0 ±0 


xcl 

1383 82947 

±33 66077 

w1 

78 66184 

±54 54575 

A1 

6 26994 

±101387 

xc2 

1432 38452 

±1 65429 

w2 

52 19383 

±8 97949 

A2 

65 8864 

±19 75108 

xc3 

1466 4238 

±3 55377 

w3 

49 0539 

±748698 

A3 

7 

29 94164 

±11 64687 


Fig. 3.9: FT-IR peak fitting results for different samples heated to SOO^C 
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Fig 3.9: FT-IR peak fitting results for different samples heated to 500®C 
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Intensity in au. « ^ Intensity in au. 



ig 3.10: XRD plots of gel powder without additive and with methoxyethanol 
t different temperatures 



Fig 3.1 1 : XRD plots of gel powder with acetylacetone and methoxyethanol 
at different temperatures 
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Fig 3.13: XRD plots of gel powder with acetylacetone and glycol at different 
temperatures 



Fig 3.14: XRD plots of gel powder without additive and with glycol at 
different temperatures 
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Intensity In a.u. 



Fig. 3.15: XRD plots for the gel powder of aged sol at different temperatures 
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Intensity in a.u. 



Fig 3.16: XRD plots of gel powder with DEA and methoxyethanol at 
different temperatures 



Fig 3.17: XKD pIo« of gel powder with DEA and glycol at different 
temperatures 
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XRD-BST on Si (microw 15 mins) 
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Fig. 3.18: XRD plots of the thin film sample after microwave treatment 
(a) on glass substrate (b) on silicon substrate 



Absorbance in au. 








Fig. 3.20: XRD plot of thin film sample after hydrothermal treatment 




Ar.f5LE -N X Ra/ lahcratory ACr/S 



0.30 


20 coat of sol on Si heated at 200*0 in furnace 



(a) 



(b) 

Fig. 3.21: FT-IR spectra of (a) before and (b) after hydrothermal treatment for 
30 mins. 






KiT 


4- p 



(c) 


Fig. 3.22: Profilograph of some of the films (a) 15 coatings of sol with 
acetylacetone on Pt, (b) 15 coatings of the sol with DEA on Pt, and (c) 
20 eatings of the sol on Pt 


j 
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Fig. 3.23: Optical microscopic photograph of the film 




Fig.3.24: SEM pictures of the films (a) without additive (]b) with acetylacetone 
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(a) 




(b) 


Fig. 3.25: SEM pictures of the films treated DEA and annealed at two 
different temperatures (a) 600"C (b) 800 C 
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Fig. 3.26: XRD patterns of thin film samples annealed at 600°C (a) 
without additive, (b) with acetylecetone, and (c) with DEA 
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Intensity in a.u. Intensity in a.u. 





Fig. 3.27: XRD patterns of thin film samples annealed at 800®C 
(a) without additive, (b) with acetylecetone, and (c) with DBA 
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Dielectric constant 





Fie 3 28- Dielectric constant Vs frequency plot at two different temperatures 
for (a) with acetylacetone (b) without addrttve and (c) wdh 
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Fig. 3.29: Plot of average dielectric constant Vs frequency for three different 
sols (without additive, with acetylacetone and with DEA) at (a) 600®C and (b) 
800®C 





Dielectric loss 




frequency in kHz 









(a) 



0 >) 

Fig. 3.31: Plot ol average dielectric loss Vs frequency 

(without additive, with acetylacetone and with DBA) at (a) 600 C and (h) 8 
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higher than those reported by others. The reason for this is not yet clear. One 
possibility in the peculiar microstructures of the films that show significant micro 
porosity 

The other observation from the present work are summarized below 

> As seen by TGA, the wei^t loss occurs in three distinct regions. It is seen that the 
organics may not be removed completely even upto 900°C. For samples with 
acetylacetone combustion of organics between 225-400°C occurs gradually. 

^ FT-IR data showed no carbonate peaks (1440-1450 cm'^) for samples treated with 
acetylacetone. In all the other cases the COs'^ was detected indicating the formation 
of an intermediate carbonate phase. 

> FT-IR spectra in case of acetylacetone showed a unique trend in shift of the peak 
~1430 cm'* towards the lower value when heated to higher temperatures indicating no 
intermediate carbonate phase formation. 

> XRD results on the gel powders showed tetragonal structure. The broadening of the 
peak~ 45 ° was the indication of tetragonality. A slow scan of the peak at 0.3°/min 
was done. But the peak positions corresponding to (200) and (002) reflections could 
not be resolved due to enhanced noise level. 

y XRD plots for the gel powder made without acetylacetone heated to different 
temperature showed a broad hump in the region of 20-30° but no distinct peaks of 
BaCOs (~24.68°) or oxycarbonate phase (~27°) were observed as detected by FT-IR 
except for the samples with DBA. 

> Use of acetylacetone reduced the crystallization temperature of BST. 



y Thin film samples also showed tetragonal structure. The data are matching with the 
reported values in the literature 

y Films were crack free in optical microscopic study even after annealing to high 
temperatures. 

> SEM pictures showed a very different microsfructure from the reported grainy 
microstmcture in the literature. That may be due to presence of micropores in the 
film. 

> Dielectric measurements show a very low (~25) value of dielectric constant and a 
hi^ value of loss at low frequencies. These values are related to the porosity of the 
film and presence of residual organics in the film. 

> The experiments performed to crystallize BST thin films with the use of microwave 
radiations were not successful. It is recommended to modify the existing set-up 
(radiations are to be guided or a suitable susceptors is to be used). The present set-up 
has an auto cut off circuit that also has to be removed to get continuous radiations for 
longer duration. 

> Hydrothermal treatments on the films also did not lead to crystallization. A detailed 
and systematic study is recommended varying different conditions of the experiment. 
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